Pancreatic cancer is an aggressive disease with multiple biochemical and genetic alterations. Thus, a single agent to hit one molecular target may not be sufficient to treat this disease. The purpose of this study is to identify a novel Hsp90 inhibitor to disrupt protein-protein interactions of Hsp90 and its cochaperones for down-regulating many oncogenes simultaneously against pancreatic cancer cells. Here, we reported that celastrol disrupted Hsp90-Cdc37 interaction in the superchaperone complex to exhibit antitumor activity in vitro and in vivo. Molecular docking and molecular dynamic simulations showed that celastrol blocked the critical interaction of Glu 33 (Hsp90) and Arg 167 (Cdc37). Immunoprecipitation confirmed that celastrol (10 Mmol/L) disrupted the Hsp90-Cdc37 interaction in the pancreatic cancer cell line Panc-1. In contrast to classic Hsp90 inhibitor (geldanamycin), celastrol (0.1-100 Mmol/L) did not interfere with ATP binding to Hsp90. However, celastrol (1-5 Mmol/L) induced Hsp90 client protein degradation (Cdk4 and Akt) by 70% to 80% and increased Hsp70 expression by 12-fold. Celastrol induced apoptosis in vitro and significantly inhibited tumor growth in Panc-1 xenografts. Moreover, celastrol (3 mg/kg) effectively suppressed tumor metastasis by more than 80% in RIP1-Tag2 transgenic mouse model with pancreatic islet cell carcinogenesis. The data suggest that celastrol is a novel Hsp90 inhibitor to disrupt Hsp90-Cdc37 interaction against pancreatic cancer cells.
Introduction
Pancreatic cancer is the fourth leading cause of cancer death in the United States (1) . The overall 5-year survival rate for pancreatic cancer patients is only 4% due to the lack of treatment options (2) . Currently, targeted therapy against a malfunctioning molecule or pathway has produced promising results for various solid tumors, such as Gefitinib against lung cancer, Avastin and Ebitux against colon cancer, Herceptin against breast cancer, and SU-011248 against kidney cancer (3, 4) . However, clinical trials using antibodies against epidermal growth factor receptor, vascular endothelial growth factor, and HER-2 in pancreatic cancer have had minimal benefits (5 -7) . Considering the complexity of pancreatic cancer with its multiple genetic abnormalities, targeting a single pathway is unlikely to be effective. Thus, identification of new targets that modulate multiple signaling pathways would be desired for treating pancreatic cancer.
Therefore, targeting molecular chaperone Hsp90 may offer many advantages for pancreatic cancer therapy due to its simultaneous regulation of various oncogenic proteins (8, 9) . Most of Hsp90 client proteins (HER-2/neu, epidermal growth factor receptor, Akt, Cdk4, Bcr-Abl, p53, and Raf-1) are essential for cancer cell survival and proliferation (9) . Chaperoning of these client proteins is regulated through a dynamic cycle driven by ATP binding to Hsp90 and subsequent hydrolysis (10) . Hsp90 requires a series of cochaperones to form a complex for its function. These cochaperones, including Cdc37, Hsp70, Hsp40, Hop, Hip, p23, pp5, and immunophilins, bind and release in the superchaperone complex at various times to regulate the folding, assembly, and maturation of Hsp90 client proteins (10) . A well-known mechanism of Hsp90 inhibition involves the compounds geldanamycin and its derivative 17-allyamino-geldanamycin blocking ATP binding to Hsp90. These compounds cause the catalytic cycle of Hsp90 to arrest in the ADP-bound conformation, subsequently leading to premature release and degradation of client proteins (10) . This method has proven to be feasible therapeutically, such that 17-allyamino-geldanamycin has entered clinical trials (11) .
However, all current Hsp90 inhibitors employ the same mechanism of ATP blockage for inactivating this chaperone. None of these inhibitors has received the Food and Drug Administration approval. It would be premature to conclude that the strategy of blocking the ATP binding to Hsp90 is a viable approach for the development of a Hsp90 inhibitor. In addition, many compounds that might have inhibited the function of Hsp90 were probably excluded during drug screening simply because they could not bind to the ATP pocket. Because the Hsp90 chaperoning process involves the transient formation of multiprotein complexes with cochaperones, halting the chaperoning cycle at various stages is also likely to achieve Hsp90 inhibition. Thus, we hypothesize that disruption of the interaction of Hsp90 with its cochaperones will achieve Hsp90 inhibition against cancer cells.
Because one of the essential cochaperones is Cdc37, which associates client proteins to Hsp90, we intend to identify a Hsp90 inhibitor that disrupts the Hsp90-Cdc37 interaction against pancreatic cancers in the present study. We hypothesize that disruption of Hsp90-Cdc37 interaction, without affecting ATP binding to Hsp90, should have similar anticancer effects as treatment with 17-allyaminogeldanamycin and geldanamycin. Previous studies have shown that celastrol (Fig. 1A) , a quinone methide triterpene from Tripterygium wilfordii Hook F regulated the Hsp90 pathway and induced the heat shock response similar to other Hsp90 inhibitors (12, 13) . We found that celastrol did not effect ATP binding to Hsp90. Using molecular modeling, we identified that celastrol blocked Cdc37 binding to Hsp90. Indeed, immunoprecipitation confirmed that celastrol disrupted the Hsp90-Cdc37 complex. This disruption resulted in degradation of Hsp90 client proteins to induce apoptosis in pancreatic cancer cell line Panc-1 in vitro. In addition, celastrol exhibited anticancer activity in Panc-1 xenograft model and RIP1-Tag2 transgenic mice of islet tumors in vivo. These data provide a novel strategy for Hsp90 inhibition through disruption of Hsp90-cochaperones interaction, offering the potential of isolating Hsp90 inhibitors against pancreatic cancers.
Materials and Methods

Drugs and Reagents
Celastrol was purchased from Cayman Chemical, proteasome inhibitor MG132 from Calbiochem, and lactacystin from Sigma-Aldrich. Geldanamycin was kindly provided by Dr. George Wang (Department of Chemistry, The Ohio State University). The following antibodies were used for immunoblotting: Akt, Hsp90 (Cell Signaling), Hsp70, Hop (StressGen), Cdk4, Cdc37, InBa, p27, Hsp90 (Santa Cruz), actin, and p23 (Abcam). Monoclonal Hsp90 antibody H9010 and purified Hsp90h protein were kind gifts of Dr. David Toft (Mayo Clinic).
Molecular Modeling
The initial coordinates of the human Hsp90 protein used in our computational studies came from the X-ray crystal structure (1US7.pdb; ref. 14) deposited in the Protein Data Bank (15) . For comparison, the yeast Hsp90-p23/Sba1 X-ray structure 2CG9.pdb was also used (16) . Using these Figure 1 . Molecular docking of celastrol with Hsp90 and Hsp90-Cdc37 complex. A, chemical structure of celastrol. B, ribbon view of the Hsp90-Cdc37 X-ray structure with the solvent accessible surface of the Hsp90-Cdc37 interface. C, ribbon view and solvent accessible surface of the Hsp90-celastrol binding pocket. D, ribbon view of the Hsp90-celastrol binding pocket. Only amino acid residues close to celastrol are displayed for clarity. E, ribbon view of the Hsp90-Cdc37-celastrol binding pocket. Only amino acid residues close to celastrol are displayed for clarity. F, ribbon view of the superimposition of proteins, we carried out molecular docking, molecular dynamic simulations, and protein-ligand binding free energy calculations. The computational details are provided in the Supplementary Data. 3 
MTS Assay
The human Panc-1 cells were seeded in 96-well plates at a density of 3,000 to 5,000 cells per well. Twenty-four hours later, the cells were treated with increasing concentrations of either celastrol or geldanamycin as indicated. The viable cells were assessed by MTS assay after 24 h. The IC 50 s for cytotoxicity were calculated with WinNonlin software (Pharsight).
Annexin V-Enhanced Green Fluorescent Protein Assay
Control cells and cells treated with 5 Amol/L celastrol for various durations were stained with Annexin V-enhanced green fluorescent protein for analysis of phosphoserine inversion. The Annexin V-enhanced green fluorescent protein Apoptosis Detection Kit was obtained from BioVision Research Products. The staining was done according to the manual from manufacturer.
ATP-Sepharose Binding Assay The assay was described previously (17) . Briefly, 5 Ag human Hsp90h protein was preincubated on ice in 200 AL incubation buffer [10 mmol/L Tris-HCl, 50 mmol/L KCl, 5 mmol/L MgCl 2 , 2 mmol/L DTT, 20 mmol/L Na 2 MoO 4 , 0.01% NP40 (pH 7.5)] containing celastrol or geldanamycin. Following incubation, 25 AL pre-equilibrated g-phosphatelinked ATP-Sepharose (Jena Bioscience GmbH) was added and incubated at 37jC for 30 min with frequent agitation. Sepharose was subsequently washed and analyzed by SDS-PAGE.
Western Blotting and Immunoprecipitation
The procedure for the Western blot analysis was briefly described as follows. After drug treatment, cells were washed twice with ice-cold PBS, collected in lysis buffer [20 mmol/L Tris (pH 7.5), 1% NP40, 150 mmol/L NaCl, 5 mmol/L EDTA, 1 mmol/L Na 3 VO 4 ] supplemented with a protease inhibitor mixture (Sigma; added at a 1:100 dilution), and incubated on ice for 20 min. The lysate was then centrifuged at 14,000 Â g for 10 min. Equal amounts of total protein were subjected to SDS-PAGE, transferred onto nitrocellulose membranes, and probed with appropriate antibodies. Immunoprecipitation was done as described previously (13) . Celastrol and geldanamycin were dissolved in the vehicle [10% DMSO, 70% Cremophor/ethanol (3:1), and 20% PBS (18) ] and administered at 3 mg/kg by i.p. injection for 2 continuous days. Then, the dosing schedule was changed to one injection per 3 days. Tumor sizes and body weights were measured twice a week.
RIP1-Tag2 Transgenic Mouse Model RIP1-Tag2 transgenic mice express the insulin promoterdriven SV40 T antigen and produce spontaneous multifold and multistage pancreatic islet carcinomas. RIP1-Tag2-positive mice were identified by PCR analysis of genomic DNA from tail biopsy. RIP1-Tag2 mice (8 weeks old) were randomly divided into three groups and injected with vehicle, 3 mg/kg celastrol, or geldanamycin once every 3 days. After 4 weeks of injection, mice of each group were sacrificed and tumor tissues were collected. The remaining mice were monitored to calculate the survival rate.
Results
Molecular Docking of Celastrol for the Interactions with the Hsp90 Protein
To investigate whether celastrol disrupts the Hsp90-Cdc37 interaction, we first tested whether celastrol could bind Hsp90 residues located at the interface of the Hsp90-Cdc37 complex or the ATP-binding pocket of Hsp90 (Fig. 1B) . In silico molecular modeling was used to reveal how celastrol could bind to Hsp90 and predict the corresponding Hsp90-ligand binding energy.
To explore the best possible mode of the ligand binding with Hsp90, we first did molecular docking. Then, simulated annealing and molecular dynamic simulations were carried out on a variety of possible protein-ligand binding structures. The simulated protein-ligand binding structures were used for binding free energy calculations. The most favorable structure of the ligand binding with Hsp90 had a binding energy of -18.8 kcal/mol, excluding the entropic contribution (19) . The in silico model of the Hsp90-celastrol binding and the subsequent molecular dynamic simulation showed that celastrol formed a favorable complex with Hsp90 in a binding site distinct from the ATP-binding pocket (Fig. 1C ). Molecular dynamic trajectory of the optimum docking model revealed that the distances between celastrol and the key residues in the Hsp90-binding site were found to be stable after the first 0.5 ns of the molecular dynamic simulation (Supplementary Fig. S7B ). 3 The cyclohexadienone moiety of celastrol was bound to a polar groove of Hsp90 that was defined by several residues in the lid segment (residues 94-125) and the mouth of the nucleotide-binding pocket. Thus, the hydroxyl and carbonyl groups of celastrol protruded into a polar and charged pocket, which was surrounded by the side chains Gln 119 , Glu 33 , Arg 32 , and Gly 118 ( Fig. 1D ; Supplementary Fig. S7A) . 3 In addition, these groups occupied the positions suitable for the formation of a H-bond between Glu 33 and the NH group of the Gly 118 backbone, whereas the carboxyl moiety of celastrol formed two other H-bonds with the side chains of Arg 32 and His 197 .
Molecular Modeling of the Possible Binding between the Hsp90-Celastrol Complex and Cdc37
We further examined whether the mode of celastrol binding to the new binding site of Hsp90 could disrupt Hsp90-Cdc37 binding. Hsp90-celastrol complex was superimposed and replaced the Hsp90 protein in the Hsp90-Cdc37 crystal structure. This new complex was submitted to a long molecular dynamic simulation (f4 ns). The simulated (Hsp90-celastrol)-Cdc37 complex is depicted in In the Hsp90 superchaperone complex, the current understanding of the Hsp90-p23 interaction depicts p23 binding to the mature complex of Hsp90 (9) . To predict whether celastrol prevents the interaction of Hsp90 and p23/Sba1 cochaperone, we superimposed the Hsp90-celastrol complex with the X-ray structure of the Hsp90-p23 interaction (Fig. 1F) . The results showed that the formation of the Hsp90-celastrol complex requires the lid segment residues being close to residues 26 to 33. The Hsp90 protein existed in two remarkably different conformations in the available X-ray crystal structures. In the structures reported for both the free Hsp90 protein and Hsp90-Cdc37 complex, the lid segment residues were close to residues 26 to 33. In the structure of the Hsp90-p23 complex, Hsp90 was in a different conformation in which the lid segment was completely displaced and was close to residues 36 to 50. Moreover, the aforementioned celastrolbinding pocket of Hsp90 is filled by residues 376 to 385 on the Hsp90 COOH terminal in the Hsp90-p23 complex. The conformation of Hsp90 in the Hsp90-p23 complex is clearly not suitable for binding with celastrol. Hence, celastrol is not expected to disrupt the Hsp90-p23 complex.
Celastrol Has No Effect on ATP Binding to Hsp90
The molecular docking results showed that celastrol disrupted Hsp90-Cdc37 interaction without blocking the ATP-binding pocket of Hsp90. To further confirm this finding, we employed the ATP-Sepharose pull-down assay using purified human Hsp90h protein. As shown in Fig. 2A , ATP-Sepharose beads successfully pulled down Hsp90 in the solution. Geldanamycin has been reported to block the ATP-binding pocket of Hsp90. We also found that 1 Amol/L geldanamycin was able to block more than 90% of Hsp90h-ATP binding. In contrast, celastrol (0.1-100 Amol/L) did not have an effect on ATP binding. This result provides further evidence that celastrol functioned differently from classic Hsp90 inhibitors (geldanamycin).
Celastrol Disrupts the Hsp90-Cdc37 Interaction in Pancreatic Cancer Cells Hsp90 has interaction with various cochaperones at different stages of the catalytic cycle. Current studies have suggested that Hsp90, Cdc37, and Hop coexist in the intermediate complex (20, 21) . To confirm the molecular modeling results that celastrol disrupts the Hsp90-Cdc37 interaction, we did immunoblot analysis of Cdc37 and Hop after immunoprecipitation of Hsp90. As shown in Unlike Cdc37, p23 is believed to be part of the mature superchaperone complex after ATP binding (17, 22, 23) . To further confirm our molecular docking results that the Hsp90-p23 complex could not accommodate celastrol binding, we did Western blot analysis for p23 after Hsp90 immunoprecipitation. Anti-Hsp90 antibody was able to pull down p23, indicating their interaction (Fig. 3A) . Interestingly, after 24 h celastrol treatment, p23 was still present in the immunoprecipitated Hsp90 complex (Fig. 3A) . The presence of Hsp90-p23 complex after celastrol treatment was further confirmed after immunoprecipitation of p23 (Fig. 3B) , suggesting that celastrol does not disrupt the Hsp90-p23 complex in pancreatic cancer cells. As a comparison, because geldanamycin locks Hsp90 in the intermediate complex with Hop and Cdc37, Hsp90 is unlikely to bind p23 as the mature complex after geldanamycin treatment. Indeed, geldanamycin excluded p23 in the immunoprecipitated Hsp90 complex (Fig. 3A) and further excluded Hsp90 after immunoprecipitation of p23 (Fig. 3B ). These data suggest that celastrol shows a different mechanism for Hsp90 inhibition compared with geldanamycin.
P23 Does Not Coexist with Cdc37 or Hop
Our data showed that celastrol and geldanamycin treatment led to distinct results, in which celastrol disrupted the Hsp90-Cdc37 interaction. Because geldanamycin has been reported to lock Hsp90 in the intermediate complex, which excludes Hsp90-p23 interaction, we intend to further elucidate the sequence of protein-protein interaction for Hsp90-Cdc37 and Hsp90-p23. We used antibodies against Cdc37, Hop, and Hsp90 to observe protein levels after p23 was immunoprecipitated. The results showed that Hsp90 was detected in the immunoprecipitated p23 complex, whereas neither Hop nor Cdc37 was detected (Fig. 3C) . These results suggest that Cdc37 and Hop do not coexist with p23 in the Hsp90 superchaperone complex. This further confirms that Cdc37 and Hop are in the intermediate complex of Hsp90, whereas p23 is in the mature complex. Our data are in agreement with the recent crystal structure of Hsp90/ Cdc37 and Hsp90/p23. The structural analysis has revealed that Cdc37 binds to the NH 2 -terminal binding domain of Hsp90 and arrests the chaperoning cycle in the conformation that could inhibit the binding of p23 to Hsp90 (14) . Subsequently, in vitro difference circular dichroism suggests that binding of p23 and Cdc37 to Hsp90 is mutually exclusive (24) .
Celastrol Decreases Hsp90 Client Protein Levels Because celastrol resulted in the dissociation of Cdc37 from Hsp90, we next tested whether the compound could inhibit Hsp90 function and induce the degradation of its client proteins in pancreatic cells (Panc-1). Panc-1 cells were treated with various concentrations of celastrol or geldanamycin. The protein levels of Akt and Cdk4, two wellknown Hsp90 clients (25, 26) , were measured. Celastrol decreased the protein levels of Akt and Cdk4 in a time-and concentration-dependent manner. A 24-h treatment of Panc-1 cells with 1 Amol/L celastrol slightly decreased Akt and Cdk4, but 5 Amol/L celastrol was able to decrease Akt and Cdk4 by 80% and 70%, respectively ( Fig. 4A  and B) . Similarly, geldanamycin induced similar levels of Akt and Cdk4 degradation (Fig. 4A) . These data suggest that celastrol also induces Hsp90 client protein degradation although through a different mechanism.
In addition, geldanamycin usually does not change the levels of Hsp90 but induces Hsp70 protein expression. Western blot analysis confirmed that neither celastrol nor geldanamycin had any effect on Hsp90 protein levels. On the contrary, both celastrol (5 Amol/L) and geldanamycin (5 and 10 Amol/L) were able to increase Hsp70 protein expression by more than 12-fold after 24 h (Fig. 4C) .
Celastrol Inhibits Panc-1 Cell Growth and Induces Apoptosis Pancreatic cancer cells are usually resistant to various chemotherapeutic compounds. We selected the pancreatic cancer cell line (Panc-1) to test the anticancer effect of celastrol. MTS assay showed that celastrol exhibited stronger anticancer activity (IC 50 , 3 Amol/L) than geldanamycin (IC 50 , 8 Amol/L; Fig. 5A ). Annexin V staining indicated that celastrol (5 Amol/L) induced apoptosis in f15% to 40% of pancreatic cancer cells after 1 to 5 h of incubation (Fig. 5B ) . Pancreatic cancer cells became rounded and congregated after incubation with celastrol as early as 1 hour.
Celastrol Shows Strong Anticancer Activity In vivo Because celastrol showed anticancer activity against pancreatic cancer cells in vitro, we then tested its activity in vivo with two models.
In Panc-1 cell xenograft mice, celastrol inhibited 80% of tumor growth (P < 0.001) after the last injection (Fig. 5C) . The anticancer effect of celastrol was slightly better than that of geldanamycin. Three weeks after the last injection, the average tumor size of the control group reached over 500 mm 3 , whereas the tumor size in celastrol treatment group was 4-to 5-fold smaller than the control group. It is worth noting that celastrol treatment caused 5% of weight loss in mice (data not shown).
We next used the RIP1-Tag2 transgenic mouse model of pancreatic islet carcinogenesis. Although pancreatic islet cell carcinomas are rare tumors with f1 in 100,000 population, representing only 1% to 2% of all pancreatic neoplasms, they are quite resistant to standard therapy (27) . The RIP1-Tag2 transgenic mice, which express multistage islet and metastatic tumors, provide an animal model for studying pancreatic endocrine tumors. In this model, hyperplastic islets begin to appear by 3 to 4 weeks of age, and solid tumors emerge in the pancreas at about 8 to 9 weeks. The tumors will metastasize into other sites, such as mesenterium, in the peritoneal cavity after 10 to 12 weeks. We found that celastrol decreased metastatic tumors in the mesenterium by 80% (P < 0.05) and the tumors in the pancreas by 30% (P = 0.1) compared with the control group after 4-week treatment ( Fig. 5D and E) . In comparison, geldanamycin inhibited metastatic tumors in the mesenterium by 50% (P < 0.05) and tumors in the pancreas by 13% (P = 0.1; Fig. 5D and E) .
The RIP1-Tag2 transgenic mice generally have a lifespan of 11 to 13 weeks due to pancreatic tumor burden and related symptoms. Surprisingly, the inhibitory effect of celastrol on tumor growth led to a significant life prolongation. As shown in Fig. 5F , the median survival time for control and celastrol treatment group was 84 and 96 days, representing an average increase of 12 days (P < 0.001). The geldanamycin treatment group only increased survival by 6 days (P < 0.001). These data indicate that celastrol can inhibit the proliferation and metastasis of pancreatic islet carcinomas. Again, it is worth noting that celastrol resulted in a 10% weight loss for the mice (data not shown).
Celastrol Is Different from Other Proteasome Inhibitors
To test whether celastrol also inhibited the proteasome, we measured two well-known target proteins (p27 and InBa) of the proteasome in pancreatic cancer cells (28, 29) .
The results showed that celastrol rendered the accumulation of cyclin-dependent kinase inhibitor p27 and InBa (Fig. 6A) . Interestingly, geldanamycin also showed a similar effect as celastrol for the protein levels of p27 and InBa (Fig. 6A ) . To distinguish celastrol from other proteasomal inhibitor, we next compared celastrol with proteasome inhibitors MG132 and lactacystin (30, 31) and observed their effect on Hsp90 client proteins (Akt and Cdk4). In contrast to celastrol, MG132 or lactacystin (10 Amol/L) did not change the levels of the Cdk4 and Akt proteins (Fig. 6B) . MTS assay was used to show the antiproliferation effect (Fig. 6B) . These results suggest that celastrol, which inhibits Hsp90-Cdc37 interaction, is distinct from other proteasome inhibitors.
Discussion
Targeted therapy appears to be an attractive approach for cancer therapy because it specifically targets malfunctioning proteins and signaling pathways (32) . However, how to block multiple molecules and pathways remains a major challenge. The Hsp90 protein has emerged as a promising target with its regulation of many oncogenic proteins (9) . In human pancreatic cancer, Hsp90 is expressed 6-to 7-fold higher than normal tissues (33) . Recent data reveal that Hsp90 inhibitor (geldanamycin) has exhibited antitumor effect in nude mice implanted with human pancreatic cancer cells in combination with the glycolysis inhibitor. 4 The Hsp90 protein is a weak ATPase and its function depends on the ability to bind and hydrolyze ATP (34) . The early Hsp90 inhibitors represented by geldanamycin, herbinmycin A and radicicol, target at the NH 2 -terminal binding domain (35, 36) . To date, many studies focused around these naturally occurring compounds, producing geldanamycin derivatives (such as 17-allyamino-geldanamycin; ref. 37) , or synthesizing new compounds with similar binding capacity (e.g., CCT018159; ref. 38) . Given that no Hsp90 inhibitor has reached the market place for cancer patients, it is premature to conclude that targeting the ATP-binding sites is a viable strategy for Hsp90 inhibition.
In the current study, we provided evidence for a novel Hsp90 inhibitor by disrupting protein-protein interaction in the Hsp90 superchaperone complex without blocking ATP binding. Celastrol disrupts the Hsp90/Cdc37 complex and leads to the degradation of Hsp90 client proteins. Celastrol exhibits antipancreatic tumor activity both in vitro and in vivo. This class of compound may offer a new strategy to develop novel Hsp90 inhibitors for treatment of pancreatic cancers.
The Hsp90 superchaperone complex has been studied extensively (10, 39) . A client protein first binds to the Hsp70/Hsp40 complex and then Hop recruits the ''open'' state Hsp90 to the Hsp70-Hsp40-client complex. The binding of ATP to Hsp90 alters its conformation and results in the ''closed'' state. Hsp70, Hsp40, and Hop are subsequently released and replaced by another set of cochaperones, including p23 and immunophilins. With regard to the cochaperone Cdc37, the Hsp70/Hsp40 complex prepares the kinase for interaction with Cdc37 and then Cdc37 recruits Hsp90 to the complex (20, 21, 40) . However, on ATP binding, whether Cdc37 dissociates or p23 binds has remained unclear. Our data of p23 immunoprecipitation suggest that p23 does not coexist with either Cdc37 or Hop (Fig. 3C) . The recent structural study of Hsp90/Cdc37 has shown that Cdc37 binds to the NH 2 -terminal domain of Hsp90 by inserting its COOHterminal side chain into the nucleotide-binding pocket, holding Hsp90 in an ''open'' conformation (14) . Therefore, progression from this stage through the ATPase cycle requires the ejection of Cdc37 side chain from the binding pocket (14) . In vitro protein binding analysis also suggests that binding of Cdc37 and p23 to Hsp90 is mutually exclusive and the p23-Hsp90-Cdc37 complex could not exist (24) . Taken together, the data imply that Cdc37 dissociates from the Hsp90 superchaperone complex after ATP binding. Moreover, Cdc37 and p23 bind at different stages of the chaperoning cycle.
Geldanamycin locks Hsp90 in the intermediate complex of the client protein loading phase (9) . Therefore, geldanamycin effectively halts the chaperoning cycle and leads to proteasomal degradation of client protein (9, 10) . Consistent with these findings, our data showed that geldanamycin inhibited the binding of ATP to Hsp90 (Fig. 2A) . Incubating pancreatic cancer cells with geldanamycin led to degradation of Hsp90 client proteins (Akt and Cdk4; Fig. 4A ). Because geldanamycin locks Hsp90 in the intermediate complex, Hsp90 is unlikely to proceed to the subsequent states of binding p23 (17, 22, 23) . Therefore, the Hsp90-p23 complex was not detected in Panc-1 cells after geldanamycin treatment (Fig. 3A and B) , which is also consistent with previous studies that p23 only binds to ATP-bound form of Hsp90. However, the Hsp90-Cdc37 or Hsp90-Hop complex showed no difference after geldanamycin treatment (Fig. 2B) , indicating that Hsp90-Cdc37 or Hsp90-Hop coexists in the intermediate complex, which could be arrested by geldanamycin.
In contrast to geldanamycin, celastrol provides a distinct mechanism for Hsp90 inhibition. Our computational modeling and coimmunoprecipitation data confirmed that celastrol interfered with the Hsp90-Cdc37 interaction (Figs. 1E and 2B) . As a consequence, Hsp90 clients were degraded in the time-and dose-dependent manner (Fig. 4A  and B) . However, celastrol did not interrupt the Hsp90-p23 complex in pancreatic cancer cells (Fig. 3A and B) , although different results have been reported in SKBR-3 cells (13) . The computer modeling also showed p23 blocked the access of celastrol to its binding site in the Hsp90/p23 complex (Fig. 1F) . Our data and previous studies may explain the sequence of chaperoning cycles in Hsp90 superchaperone complex. The previous results have shown that the COOH terminus of Cdc37 inserts into the ATP-binding pocket of Hsp90 (open state), later ATP binding to Hsp90 ejects Cdc37 from Hsp90 (14) , setting up the stage for binding of p23 to Hsp90. Therefore, Cdc37 and p23 bind to Hsp90 at different stages of the chaperoning cycle without coexisting in one complex. Rather, Cdc37 ejection from Hsp90 seems to be the prerequisite for p23 binding. Therefore, disruption of the Hsp90-Cdc37 complex by celastrol may not affect the Hsp90-p23 complex. In contrast, it may help to eject Cdc37 from Hsp90 and prepare Hsp90 to bind to p23.
Recent studies have extended the investigation of Hsp90 inhibition from its direct effect on cancer cells to the cellular functions required for tumor invasion and metastasis. Several protein kinases promoting cancer cell invasion and metastasis have been reported to be Hsp90 clients, and their expression and activity are affected by Hsp90 inhibitors (41) . It has also been shown that Hsp90 inhibitor geldanamycin suppresses extrinsic stimuli-induced signaling pathways contributing to tumor invasion and angiogenesis in T24 bladder carcinoma model (42) . Consistent with those findings, the dosing of celastrol or geldanamycin to the RIP1-Tag2 transgenic mice has dramatically reduced the metastatic tumor sizes by 80% and 30%, much more than the reduction in primary pancreatic islet carcinomas, which were 30% and 13%, respectively ( Fig. 5D and E) . Varying levels of dependence on Hsp90 may account for the differential effect of Hsp90 inhibition during progression of primary and metastatic tumors. However, further studies are required to clarify the role of Hsp90 in tumor metastasis.
It has been reported that celastrol is a proteasome inhibitor by Yang et al. (18) . Consistent with their results, we also confirmed that celastrol induced the accumulation of proteasomal target proteins p27 and InBa in Panc-1 cells (Fig. 6A) . Interestingly, the classic Hsp90 inhibitor geldanamycin also induced the accumulation of p27 and InBa (Fig. 6A) . Furthermore, celastrol differed from other proteasome inhibitors (MG132 and lactacystin) by causing degradation of Hsp90 client proteins, whereas MG132 or lactacystin had no effect (Fig. 6B) . These data suggest that celastrol is different from the classic proteasomal inhibitor for its anticancer activity.
In conclusion, celastrol exhibited potent anticancer activity against pancreatic cancer cells (Panc-1) in vitro and in vivo in xenografts. Celastrol also inhibited the tumor metastasis in the RIP1-Tag2 transgenic mice model of pancreatic islet carcinomas. Computer modeling and immunoprecipitation confirmed that celastrol disrupted the protein-protein interaction of Hsp90-Cdc37, resulting in the induction of Hsp90 client protein degradation. In contrast to the classic Hsp90 inhibitor geldanamycin, celastrol did not interfere with the ATP binding to Hsp90. These data suggest that celastrol disrupts Hsp90-Cdc37 interaction and provides a novel mechanism for Hsp90 inhibition against pancreatic cancer cells.
